With the high accuracy afforded by the sextuple correlation consistent basis set of Dunning, we have calculated energy levels, dissociation energies, equilibrium distances, and other spectroscopic constants for eleven valence and four Rydberg states of the CH radical. Comparisons with experimental and previous theoretical results are made for each state that has been treated. An understanding of their binding is attempted by means of simple valence bond-Lewis diagrams.
I. INTRODUCTION
The CH radical was first detected in the laboratory as early as 1918, 1, 2 and has been the subject of numerous spectroscopic investigations in the optical, infrared, far infrared, and microwave regions seeking to establish various spectroscopic constants, binding energies, equilibrium distances, dipole moments, lifetimes of excited states ͑lately rotationally resolved͒, hyperfine parameters, photodissociation and photoionization processes, as well as dissociative recombination mechanisms. Its presence ͑along with other hydrides͒ in extraterrestrial regions and in flames has been a strong reason for the lasting interest in this radical, which interest recently has increased due to the presence of CH in reactions on surfaces of metal catalysts such as Ru and Pd. 140, 141 In a series of articles, Herzberg and co-workers 16, 19, 26, 30 have obtained spectra of CH and CD by flash photolysis of normal and deuterated diazomethane ͑as their precursor͒, and from the analysis of these spectra, they have obtained spectroscopic constants for the ground and excited states of CH and CD as high as about 65 000 cm Ϫ1 ͑ϳ8 eV͒. Some of these constants have been refined by other workers, but the data collection in Ref. 30 ͑almost duplicated in Ref. 48͒ still seems to be the main source of such constants. Up until 1985 the spectroscopy of states above 50 000 cm Ϫ1 was not well known except for the data provided by Herzberg's work. 30 Since then, using the photodissociation of organic precursors of CH, resonant multiphoton ionization spectra with mass and photoelectron analysis have been obtained and have yielded new states and previously unobserved bands, and some inconsistencies of previous assignments have been resolved. 56, 59, 64, 66, 136 Yet, very few constants for these states have been obtained so far from the analysis of these new spectra. The existence of the spectroscopically elusive a 4 ⌺ Ϫ state which lies just above the ground state has been detected in the gas phase by laser photoelectron spectrometry of CH Ϫ ͑Refs. 142, 143͒ and later by laser magnetic resonance. 144 Along with the spectroscopic constants of CH, similar data for its CD isotope have also been obtained 8, 9, 11, 21, [29] [30] [31] [32] 48, [145] [146] [147] as well as constants for its 13 CH isotope [148] [149] [150] [151] and the hyperfine parameters of X 2 ⌸. 149 Spectra of CH in a low temperature matrix have recently been obtained. 152, 153 Theoretically, first-row hydrides were the main targets of early molecular computations beyond H 2 and H 2 ϩ . One reason for this was the relative abundance of early spectroscopic data for these molecules ͑and their cations͒ thus furnishing equilibrium separations, spectroscopic constants, and ground state symmetries. Another reason was the fact that only few basis functions were needed for H, thus allowing sufficient functions to be placed on the other nucleus for a satisfactory representation of the orbitals. Also, the correlation energy was slightly easier to estimate, since upon separation H has no correlation energy; in addition, there is little difference between the inner shells of the hydride and of the corresponding first-row atom. Some of the early treatments were qualitative [154] [155] [156] and some employed Slater-type molecular orbitals for valence electrons without self consistency considerations. 157, 158 However, Hartree-Fock-Roothaan type calculations were employed soon, some with limited CI, and some with further semiempirical correlation corrections and exponent optimization in the expansions of the Slatertype functions. The very first simple calculation of CH apparently was that of Niira and Oohata 157 in 1952 while two years later Higuchi 159 did the first CI calculation. Over the years, the progressively developed sophisticated methods were also applied to the first and second-row hydrides; semiempirical methods estimating spectroscopic constants by combining experimental and theoretical results were also used. The CH radical has been a part of many of these calculations. 160 205 has investigated the photodissociation processes of CH by a multireference CI method with Gaussian basis sets ͑MRDCI͒ and has generated potential curves for states up to about 9 eV from the ground state. However, the minimum of the X 2 ⌸ ground state is about 16 mH higher than the latest value ͑vide infra͒ probably because of the limited size of the basis set and the somewhat large threshold of 10 H, which generated about 5000 configuration functions ͑CF͒. Notice that with the method used, the computed properties do not correspond to the extrapolated ͑near full-CI͒ energies but to the wavefunction corresponding to the 5000 CFs. 227 Also, no equilibrium distances ͑ex-cept for the X 2 ⌸ state͒ or other spectroscopic constants were given, since this was not the purpose of the work, and the binding ͑dissociation͒ energies for some states were small compared to the experimental values ͑almost half as small for the B state͒. Grev Table I shows the quantities of interest in the present work which have been computed by some of the previous authors.
II. BASIS SETS AND COMPUTATIONAL APPROACH
The correlation consistent cc-pVnZ basis sets of Dunning and coworkers 235 have been employed throughout the present work. For the H atom the nϭ4 basis set was employed in all cases. For the C atom the nϭ6 ͑sextuple͒ basis was selected but with the functions i of lϭ6 angular momentum removed. For the CH Rydberg states arising from the 3 P and 1 P(2p 1 3s 1 ) states of C we have used the corresponding augmented basis set but without the diffuse functions of h symmetry. Thus, our largest basis set expansion reads (17s11p6d5 f 4g2h/6s3 p2d1 f ) generally contracted to ͓8s7 p6d5 f 4g2h/4s3 p2d1 f ͔ containing 182 Gaussian functions.
Starting with a CASSCF calculation, we have distributed the five valence electrons in ten active orbitals (2sϩ2p ϩ3d of C and 1s of H͒ for the valence states, and in eleven active orbitals ͑adding a 3s diffuse function on C͒ for the Rydberg states. This generated about 800 and about 1400 CFs, respectively, depending on the molecular symmetry.
All CASSCF vectors were optimized under C 2v symmetry and equivalence restrictions, thus acquiring axial symmetry. Dynamical valence correlation was obtained by single and double excitations out of the CAS ͑i.e., CASSCFϩ1ϩ2ϭMRCI) using the internal contraction scheme as implemented in the MOLPRO 96.4 package. 236 Of course, at the CI level, calculated states conform to the irreducible representations of the C 2v point group, therefore do not possess pure axial symmetry. In particular states of ⌺ ϩ , ⌺ Ϫ , ⌸ Ϯ and ⌬ Ϯ symmetries are calculated as A 1 , A 2 , B 1 , and A 1 ͑or A 2 ), respectively. The uncontracted MRCI space ranges from 1 500 000 to 4 000 000 CFs while the internally contracted space ranges from 300 000 to 1 500 000 CFs, depending on the molecular symmetry. For a stand alone C atom, spherical symmetry was implemented by performing state averaged CASSCF calculations before the MRCI ones.
The energy loss for the CH(X 2 ⌸) state due to internal contraction has been estimated by Peterson et al. 224 to be about 1 mh at the MRCI/cc-pVQZ level. Because of the large size of the basis sets used here, no correction for the basis set superposition error was deemed necessary. Size ex- 
III. RESULTS AND DISCUSSION
To estimate the sufficiency of our basis set, we computed the energy levels of the C atom in a spherically averaged manner as previously indicated. It was found that the SCF energy of the 3 P ground state was Ϫ37.688 612 h, just 7 h above the numerical result. 238 Table II , indicating a near degeneracy or GVB 2s -2p y correlation. In total 0.2e Ϫ are transferred from H to C. Therefore, upon completion of the CϩH interaction, ϳ͓0.12(2s C ) ϩ0.18(1s H )͔ electrons are promoted to the 2p z orbital of C.
As it can be seen from Tables I and III, our total MRCI energy of Ϫ38.421 680 hartree is the lowest valence correlated energy reported so far in the literature. We also report a D e ϭ83.37 kcal/mol at the MRCI level which becomes 83.68 kcal/mol when the multireference Davidson correction for unlinked clusters is taken into account. Further, if we add to this value a core correlation correction of about 0.13 kcal/ mol ͑vide infra͒, we obtain a final D e ϭ83.81 kcal/mol, 0.13 kcal/mol lower than the experimental value. Our value of r e is 1.1204 Å; assuming a 0.002 Å decrease due to core correlation effects 233 233 give a total ͑valence-correlated͒ energy of Ϫ38.420 700 hartree, a D e ϭ83.33 kcal/mol and a r e ϭ1.1202 Å at the CCSD͑T͒/ccpV͑5Z/QZ͒ level. When they take into account core correlation effects ͓at the CCSD͑T͒/cc-pCV͑QZ/QZ͒ level͔ D e is improved by 0.13 kcal/mol, giving their best value of 83.46 kcal/mol, and their r e decreases by 0.0018 Å. A similar de- 175 are also in good agreement with the experiment (r e ϭ1.1023 Å, T e ϭ67.36 kcal/mol, and D e ϭ43.82 kcal/mol). A vbL picture conforming to the discussion above is
This weakly bound state is depicted in Fig. 1 and correlates to the ground C( 3 P)ϩH( 2 S). The leading CASSCF configurations at equilibrium and the corresponding Mulliken populations are The following vbL diagram suggests that the two atoms are held together by a half -bond.
At 3.5 bohr our MRCI calculations reveal an energy barrier of 2.32 kcal/mol, first observed experimentally at about 4 bohr by Herzberg and Johns. 30 We assume that this is due to the participation of the 3 D(2s 1 2 p 3 ) excited state of C, as evinced by the population analysis. As Table I 175 are r e ϭ1.1727 Å, T e ϭ75.09 kcal/mol, and D e ϭ5.30 kcal/mol.
E. The b 4 ⌸ state
As it is shown in Fig. 1 , this is the first repulsive state correlating to the ground state fragments. Although not apparent from its plot, this state possesses a calculated van der Waals minimum of 4.5 cm Ϫ1 at about 9.0 bohr. 175 have calculated its height to be 6.6 kcal/mol at about 3.3 bohr, and it has also been observed experimentally. 30 As the interatomic distance approaches equilibrium, the strong interaction with the D 2 ⌺ ϩ state induces a decrease in the p z electronic density accompanied by a simultaneous increase in the densities of p x and p y . At equilibrium, the leading CAS configurations and the atomic Mulliken CAS distributions at r e and r ϱ are The D 2 ⌺ ϩ PEC is illustrated in Fig. 1 
The removal of the 2p z 2 component, detrimental to attractive interaction, necessitates the involvement of the following valence state of C, not shown in Fig. 1 This means that the local minimum corresponds to an intrinsic bond strength ͑with respect to the 3 D state͒ of 100 kcal/ mol.
The F 2 ⌸ state has a local minimum around 4.8 bohr with an energy barrier of 1.9 kcal/mol and a global wedgelike minimum at r x ϭ2.6 bohrϭ1.375 Å, which is the point of avoided crossing with the E 2 ⌸ state ͑vide supra͒. At the MRCI level this ''minimum'' ͑the higher of the split levels͒ is 75.22 kcal/mol, and it lies 181.57 kcal/mol above the ground state (''T e ''). Both minima are with respect to the asymptotic C( 3 P)ϩH( 2 S) level. The corresponding experimental values, 48 also given in Tables I and III The PEC of this state is depicted in Fig. 1 This state is illustrated in Fig. 1 
